In the United States, pertussis is currently the least wellcontrolled vaccine-preventable disease despite excellent vaccination coverage and 6 vaccine doses recommended between 2 months of age and adolescence. In 2012, several states reported epidemic levels of disease, with >48 000 cases reported nationwide, the highest number since 1955 [1] . Increased rates were seen across all ages, with the greatest increases reported in older children and teens [2] . Waning immunity from acellular pertussis vaccines appears to be a significant factor leading to the increasing incidence [3] [4] [5] . Additionally, circulating Bordetella pertussis strains are undergoing genetic changes that may allow the organism to evade vaccine-induced immunity or be more virulent [6] [7] [8] [9] [10] , which may be contributing to the increasing rates of pertussis. Notably, molecular analysis has identified a range of mutations resulting in B. pertussis not producing pertactin, a pertussis acellular vaccine immunogen thought to play a role in adherence to the upper respiratory epithelium [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . All acellular pertussis vaccines currently used in the United States contain pertactin.
Bordetella pertussis isolates lacking pertactin production have been reported at low frequencies from Italy [19] , France [20] , Japan [13] , and Finland [14] and at a high frequency from Australia [21] . A study of 1300 US surveillance and outbreak-related isolates from 1935 to 2012 documented a recent increase in pertactin-deficient (PRN -) B.
pertussis isolates [18] . There have been no large studies in the United States assessing for differences in clinical presentation or case-patient vaccine receipt by whether or not B. pertussis is producing pertactin. Understanding the epidemiologic and clinical relevance of pertactin deficiency is necessary to fully elucidate the possible reasons for the current increase in pertussis in the United States.
MATERIALS AND METHODS
Isolates from 753 case-patients collected during May 2011 to February 2013 from 8 states were included in the analyses ( Isolates were screened for an array of mutations that have been documented to cause pertactin deficiency by previously described polymerase chain reaction amplification and molecular sequencing methods [18] . Isolates not found to have a previously identified mutation by molecular methods were assessed for pertactin production by Western blots (previously described) [18] and/or enzyme-linked immunosorbent assay (ELISA). For the ELISA, microtiter plates were coated with B. pertussis cell preparations and incubated overnight at 37°C; washed and incubated at 37°C for 1 hour each with 1:40 000 diluted sheep anti-PRN sera 97/558 (NIBSC, Hertfordshire, England) and then 1:2000 diluted peroxidase-labeled antisheep immunoglobulin G antibody (KPL, Gaithersburg, Maryland); and washed and incubated for 10 minutes with tetramethylbenzidine color substrate. Optical densities were read at 450 nm.
Routinely collected case-investigation data included demographics, pertussis symptoms, and vaccination history. Pertussis symptoms and vaccine histories were linked to isolates by unique identifiers. Case-patients aged <13 years of age were considered to be fully vaccinated if they received diphtheria and tetanus toxoids and acellular pertussis vaccine doses 1-3 by 1 year of age, dose 4 between ages 1 and 2 years, and dose 5 between ages 4 and 6 years. Those older than 13 years also needed to have received a dose of tetanus toxoid, reduced diphtheria toxoid and acellular pertussis (Tdap) vaccine to be considered fully vaccinated. Only case-patients confirmed during case-investigation interviews as unvaccinated were classified as unvaccinated to distinguish them from those with missing dose information.
We calculated unadjusted odds ratios (ORs) as well as adjusted ORs using multivariable logistic regression analysis using SAS software, version 9.3. When modeling the association between pertactin production and vaccination receipt, we first compared all case-patients with at least 1 documented dose of pertussis vaccine to those documented to be unvaccinated. Second, vaccinated case-patients were restricted to those who were up-to-date according to schedule, and we only included vaccinated and unvaccinated case-patients at least 1 year of age to limit the population to those who were eligible to receive at least 3 doses of pertussis vaccine.
RESULTS
Overall, 85% (640/753) of isolates were PRN -. The proportion of PRN -isolates ranged from 67% in Colorado to 100% in New Mexico; however, the number of isolates available for testing from each state varied widely (range, 4-255) ( Table 1) . Nine previously recognized mutations that result in pertactin deficiency were identified among the isolates, and 2 isolates with uncharacterized mutations were also found to be PRN -by ELISA [18] . Table 2 provides a breakdown of case-patient demographic and clinical variables by B. pertussis pertactin production. Although the overall age distribution of case-patients with isolates was largely similar to the national age distribution of reported cases in 2012 (data not shown), we found a significant difference in the age distribution between the PRN -and pertactinproducing (PRN + ) groups (unadjusted P = .01). No significant differences were found between the 2 groups for sex or race. The proportion of case-patients reporting pertussis symptoms 3). When case-patients were restricted to those at least 1 year of age and vaccinated case-patients were further restricted to those according to schedule and fully up to date with pertussis vaccinations, the OR increased to 3.7 (95% CI, 1.9-7.1). When the analyses were adjusted for submitting state and age group, the ORs remained significant (Table 3) .
DISCUSSION
Our finding of a 2-to 4-fold greater odds of having PRN -B.
pertussis when fully vaccinated according to schedule suggests that vaccinated persons have greater susceptibility to PRN -strains compared with PRN + strains. Waning of immunity in children and adolescents primed with pertussis acellular vaccines is believed to be one of the primary drivers behind the changing epidemiology in the United States. All birth cohorts born since 2000 in the United States have received exclusively acellular vaccines, including increasing numbers of preteens receiving a Tdap booster following acellular priming. As these cohorts age, they are experiencing higher rates of pertussis, and recent studies suggest that the lifelong risk of pertussis among children primed with acellular vaccines is greater than in those primed with whole-cell vaccines [22, 23] . Additionally, data from a nonhuman primate model indicate that acellular vaccines may not prevent infection, although they can prevent disease symptoms [24] . We hypothesize that the increasing population-level susceptibility to pertussis among children and adolescents primed with a limited number of acellular vaccine antigens may have contributed to increasing transmission and allowed the rapid proliferation of PRN − B. pertussis in the United States once those strains appeared. Furthermore, the multiple different mutations and mechanisms of pertactin nonproduction found in our sample, rather than clonal expansion of a single PRN -strain, argues for a selective advantage to lacking the protein [18] . Pertactin was included in acellular vaccines due to its putative role in mediating adherence to the epithelium of the respiratory tract [25] . Acellular vaccines including pertactin generally had greater efficacy in licensure trials than those without [26] [27] [28] [29] [30] [31] , although the actual role of pertactin and antibodies directed against it remains unclear. Murine models provide evidence that pertactin may also play a functional role in resisting neutrophil-mediated clearance [32, 33] Although our findings may be influenced by the predominant strains that are circulating in different geographic areas and possibly by other factors such as age, we attempted to control for these potential differences in exposure by controlling for submitting state and age group in the multivariable models. Our findings remained significant when controlling for these factors. This suggests that our findings are not solely due to differences in the strains to which vaccinated and unvaccinated case-patients are exposed.
Although recently conducted effectiveness studies provide evidence that acellular vaccines continue to provide good protection against pertussis in the short term [3, 5, 34] , additional studies are needed to further assess whether effectiveness or durability of protection of acellular vaccine is diminished against PRN − strains. Ongoing surveillance for pertactin production in circulating B. pertussis is needed, as well as surveillance for other possible changes to the B. pertussis population including lack of expression of other immunogens included in acellular vaccines. Additional studies that bridge between the clinical and epidemiological findings and these novel molecular genomic and proteomic findings are necessary to continue to expand the evidence base for the development of more-effective vaccines against pertussis disease.
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